We have investigated the recessive mouse mutant synpolydactyly homolog (spdh) as a model for human synpolydactyly (SPD). As in human SPD, the spdh phenotype consists of central polydactyly, syndactyly and brachydactyly and is caused by the expansion of a polyalanine encoding repeat in the 5 0 region of the Hoxd13 gene. We performed a detailed phenotypic and functional analysis of spdh/ spdh embryos using skeletal preparations, histology, in situ hybridization, BrdU labeling of proliferating cells, and in vitro expression studies. The absence of normal phalangeal joints and the misexpression of genes involved in joint formation demonstrate a role for Hoxgenes in joint patterning. The spdh mutation results in abnormal limb pattering, defective chondrocyte differentiation, and in a drastic reduction in proliferation. Abnormal chondrocyte differentiation and proliferation persisted after birth and correlated with the expression of the mutant Hoxd13 and other Hox-genes during late-embryonic and postnatal growth. q
Introduction
Hox-genes are evolutionary conserved genes characterized by a 180 bp sequence (the homeobox) encoding a DNA-binding motif (the homeodomain). They are important for a large variety of developmental processes. Some of the most prominent functions are the specification of the body axis and the control of limb development. Along the body axis, Hox-genes are sequentially expressed allowing for the specification of individual skeletal elements. In the developing limb, the principle of colinearity is maintained but the sequence of expression is more complex. Generally, only the more 5 0 located genes (9-13) are expressed in the limb, with the A-and D-cluster genes being the most important. Genes of the A-cluster are expressed in overlapping domains in a proximal to distal sequence whereas those of the D-cluster follow a more anterior to posterior gradient. With the formation of the autopod, expression of the most 5 0 located gene (d13) moves anteriorly having now the largest expression domain (Duboule, 1992; Nelson et al., 1996) .
This results in dynamic pattern giving each cell at each time point a particular and specific dosage of Hox-proteins. The role of Hox-genes during limb development has been studied in great detail taking advantage of the knock out technology. Inactivation of Hox-genes expressed in the limb results in relatively minor phenotypes. However, if paralogous genes are inactivated, entire skeletal segments are absent, suggesting an interaction between groups. For example, the inactivation of either Hoxa11 or Hoxd11 causes relatively moderate limb defects, comprising malformed radius/tibia and ulna/fibula or abnormal wrist bones and changes in the distal ends of the radius and the ulna, respectively. By breeding these two strains together double mutants can be generated that show almost complete absence of the radius and the ulna with the digits being largely unaffected (Davis et al., 1995) . Likewise, the autopod is thought to be specified by a combination of signals from Hoxd11, Hoxd12, Hoxd13, and Hoxa13 (Zakany and Duboule, 1996; Fromental-Ramain et al., 1996; Davis and Capecchi, 1996; Zakany et al., 1997) . The phenotype of any of the double mutants is always more severe than the phenotypes seen in the single mutants indicating that these genes act in a partially redundant www.elsevier.com/locate/modo manner. These studies suggest that certain paralogous genes specify the individual skeletal elements of the limb (for review, see Zakany and Duboule, 1999) .
Congenital hand malformations occur frequently in human populations. Given the important role of Hoxgenes in limb development, mutations in these genes are likely to be associated with malformations of the limbs. To date, mutations affecting HOXD13, HOXD11, HOXA13 and deletions affecting the entire HOXD cluster have been described (for review, see Goodman and Scambler, 2001 ). In a previous study, we were able to identify mutations in HOXD13 in a dominantly inherited condition called synpolydactyly (OMIM 186000, SPD) (Muragaki et al., 1996) . Synpolydactyly or syndactyly type II consists of syndactyly between the third and fourth fingers, with digit duplication in the syndactylous web. The feet are affected with syndactyly of the fourth and fifth toes and postaxial polydactyly. The mutations identified in SPD lead to an in frame expansion of a 15-residue polyalanine tract encoded by an imperfect trinucleotide repeat sequence by 7-10 additional residues.
In the present study, we have analyzed the developmental pathology of the synpolydactyly homolog (spdh) mouse (Johnson et al., 1998) . This mutant carries a 21 bp inframe duplication within the polyalanine-encoding repeat region of the Hoxd13 coding sequence and is thus identical to the mutations described in patients with SPD. Mice homozygous for the mutation exhibit defects in patterning that result in polydactyly, a lack of phalangeal joint formation, and a severe deficiency of chondrocyte proliferation and differentiation. Our results indicate that Hox-genes are not only important for early patterning but also play an important role in chondrocyte differentiation and bone formation.
Results

Phenotype
Affected spdh/spdh mice have a normal body size but very short (brachydactyly) and fused (syndactyly) digits. The phenotype was analyzed at several time points by inspection of affected embryos, histology, and alcian blue/ alizarin red staining of the skeleton (Fig. 1) . The homozygous phenotype becomes apparent at stage E12.5 with a foreshortened handplate, abnormal chondrocyte condensation in the phalangeal anlagen, and reduced separation of digits. The skeletal preparations revealed a striking reduction in phalangeal size. The appearance of ossification centers was severely delayed. In the newborn, we observed complete lack of ossification of the metacarpals and the first and second phalanges, while the distal phalanges were well ossified. In the first week after birth, some ossification centers appeared in the metacarpals/phalanges but they did not follow the usual pattern. Instead, ossification appeared ectopically at the side of the phalangeal anlagen resulting in bulbous deformation of some bones (Fig. 1H,  arrow) .
Polydactyly was variable and consisted in the majority of cases of one additional complete digit with terminal phalanx and claw and a variable number of incomplete digits without terminal phalanges located at the ventral side between the digits. Digit I was frequently split longitudinally with bridges of cartilage between the segments (Fig. 1D,F) .
In the great majority of samples, we did not find any joint formation between the metacarpals and the first phalanges and between the first and the second phalanges. Digit IV was affected most severely. Incomplete joint formation was observed between the distal and the middle phalanges. Digits I and II did form some joints but their spacing and appearance was irregular. The carpal bones were frequently fused. We used plastic sections to analyze the joints in newborn animals. The joint space between the carpal bones, the carpals and the metacarpals and also between carpals and the radius was narrow or absent ( Fig. 1P ) and frequently filled with cells that appeared to be part of a fibrous band originating from the joint capsule (Fig. 1Q) . In many occasions, the cartilage surfaces of two adjacent joints were incompletely separated. The forelimb was more severely affected than the hindlimb, which did show some abnormal joint formation.
Developmental analysis
We performed whole mount (Fig. 2) and section in situ hybridization with a variety of probes specific for genes that could possibly be influenced by the mutant Hoxd13. Whole mount in situ hybridization with probes for the Hox-genes Hoxd13, -d12, -d11, and Hoxa13 using E10.5, E11.5, and E12.5 wt and spdh/spdh embryos revealed normal expression domains in respect to the anterior and posterior borders but the overall area of expression was smaller in the mutant (Fig. 2) . This was true for all Hox-genes. The smaller expression domain correlated with a smaller presumptive digit area in spdh/spdh embryos. The changes became more apparent by E12.5. In wt embryos, Hox-genes -d13, -d12, -d11, and -a13 are still expressed in the autopod, but positive cells become more and more restricted to the condensing cartilage and the perichodrium of the digital anlagen. In mutant embryos, this differentiation is less evident and expression can still be found throughout the autopod, similar to the pattern found at E11.5. This is in spite of the fact that cartilage condensations are present, as shown by positive hybridization with a Col2a1 probe (Fig. 2) . At E12.5 Hoxd11 and Hoxd12 are both expressed in the perichondrium of digits II-V and in the presumptive joint region of these digits (marked by arrows in Fig. 2 ). We did not observe this expression in mutant embryos.
To evaluate a potential role of BMPs in this process, we tested for expression of Bmp2, Bmp4 and Bmp7 in wt and spdh/spdh embryos. At E11.5, Bmp2 is expressed around the area of the ZPA and in a domain just below the AER corresponding to the progress zone. In mutant embryos, we find normal expression around the ZPA but reduced expression in the progress zone (marked by arrow in Fig. 2 ). At E12.5, Bmp2 expression is less intense in mutant embryos and the lining between the digits, which corresponds to expression of Bmp2 in the perichondrium of the digital anlagen is diffuse and shows an irregular distance between the individual digits. At E13.5, this discrepancy is still present. The Bmp2 expression between the digital anlagen has completely separated in the wt whereas the mutant shows an almost complete lack of separation and an irregular width between the stripes of Bmp2 expression. The pattern of Bmp7 expression is similarly abnormal, but the level of expression seems comparable between wt and mutant embryos. Bmp4 expression is normal at E11.5 but is reduced, especially in the cartilage anlagen at E12.5.
Expression of Gdf5 was investigated in whole mount embryos at stages E12.5 and E13.5. At both stages, we found highly abnormal expression in the mutant. Gdf5 is known to be expressed in the perichondrium of the early digital anlage and gets sequentially turned on in the developing joints of the entire autopod. Expression of Gdf5 preceeds overt joint formation and coincides with the forma- Fig. 1 . Skeletal phenotype of the homozygous synpolydactyly homolog (spdh/spdh) mutant. Alizarin red-alcian blue stained skeletal preparations of wt (top row) and spdh/spdh (lower row) forelimbs at stages E15.5 (A, B), E18.5 (C, D), newborn (E, F), and at 3 weeks of age (G, H) . Note the cartilaginous syndactyly present between digits 3 and 4 in (D) which is not present in (F) reflecting the variability in phenotype. Absence of the metacarpophalangeal and proximal interphalangeal joint anlagen at in (B) with the exception of digit I and persistence of this phenotype throughout the following stages. The distal phalangeal joint is present to some extent. Note complete lack of metacarpal and phalangeal ossification in (B, D, F) tion of the interzone. Expression of Gdf5 was found to be reduced and disorganized in spdh/spdh embryos. At E12.5, expression in the digital anlagen was basically absent. The typical striped pattern of Gdf5 expression due to expression in the developing joints of the digits was not found. We did, however, detect expression in the metacarpophalangeal joint of digit I, in developing joints between the distal and the middle phalanges, and between the carpal bones, consistent with the finding that these areas showed some, albeit abnormal, joint formation.
The Sonic hedghog (Shh) pathway plays a major role in limb pattering. We analyzed expression of Shh in E10.5, E11.5 and E12.5 embryos and found no difference in expression between wt and mutant mice (not shown). Gli1 is a mediator of hedgehog signaling and shows a specific expression pattern during development. Expression of Gli1 was first observed in the posterior margin of the limbs and was thereafter localized to the cartilaginous condensations with the exception of the developing joint/interzone region. In the mutant, a normal pattern was detected at E10.5 (not shown), but expression in the digit primordia was drastically reduced at E11.5 and E12.5. At E13.5, a continuous expression through the phalangeal anlagen was observed with the exception of the distal interphalangeal joint (Fig. 2) . We used Fgf8 as a marker for the AER and found no difference in the expression pattern at time points E10.5 and E11.5 (not shown).
Collagen type II (Col2a1) was used as a marker for early chondrocyte differentiation. At E12.5, Col2a1 is expressed in the handplate throughout the cartilaginous anlagen indicating the presence of mesenchymal condensations containing chondrocytes. In the mutant, we found expression in cartilage condensations, but the number of digits was reduced and some abnormal, discontinuous expression was found indicating that condensation takes place but at a reduced pace and with an abnormal pattern.
To investigate expression of genes expressed at later stages of cartilage formation and chondrocyte differentiation, we tested several probes using section in situ hybridization . The expression of Hox-genes -d13, -d12, -d11, and -a13 was analyzed in wt and mutant mice at stages E13.5, E14.5, E16.5 and in newborn mice (Fig. 3) . At E13.5, Hoxd13 was expressed more or less throughout the entire autopod with the strongest expression in the perichondrium of the proximal digital anlagen. This expression pattern persisted and was still demonstrable after birth. Expression within the developing bones was found in the perichondrium and throughout the cartilage with the exception of the hypertrophic chondrocytes. Expression of Hoxd12 and Hoxd11 were similar with the exception of digit I, which showed no expression. Expression of Hoxa13 was comparable to Hoxd13 but appeared more pronounced in the distal phalanges and was also present in carpals bones (Fig. 3 , early and lates stages of Hoxd12, -d11, and -a13 not shown). Spdh/spdh mice showed similar expression patterns. However, the expression of Hox-genes was generally stronger in the mutant limbs. This finding was most pronounced for Hoxd13 and Hoxd12.
Col2a1 is normally expressed in resting, proliferating and pre-hypertrophic chondrocytes and is not present in developing joint space and in hypertrophic chondrocytes (Fig. 4) . In mutant mice, we found strong continuous expression throughout the digits from stage E13.5 until several days after birth demonstrating the absence of joints and terminally differentiated chondrocytes. Collagen type I (Col1a1) was found to be strongly expressed in the perichondrium, in osteoblasts, and in cells of the developing joint space in wt embryos. Expression in mutant mice was similar but expression in the joints was missing (not shown).
Next, we tested for expression of Indian hedgehog (Ihh), a signaling molecule known to be involved in the regulation of chondrocyte differentiation (Fig. 4) . The Ihh pathway involves the hedgehog receptor patched-1 (ptc1), the family of Gli transcription factors, and, through a negative feedback loop PTHrP and the PTHrP/PTH-receptor (PTHR). Ihh is generally thought to be expressed in prehypertrophic chondrocytes, overlapping with the expression of collagen type 10 (Col10a1), a marker for hypertrophic chondrocytes. We found expression of Ihh not only in pre-hypertrophic chondrocytes, but also in the digital anlagen at E13.5. Consistent with the expression pattern of Gli1 (Fig. 5 ) and patched-1 (ptc1) (Fig. 4) , which are direct targets of the hedgehog pathway, Ihh was expressed at three sites in each phalangeal anlage separated by a Gdf5 positive interzone. In spdh/spdh embryos, Ihh was expressed in time but the pattern was clearly different to the wt. The expression domains were no longer separated and partially fused with each other. The expression of Gli1 and ptc were altered accordingly and showed a continuous expression surrounding the entire metacarpophalangeal anlage. Only the distal anlage was separated from the rest by a zone of negative expression. (left) and spdh/spdh (right) embryos with probes for Hoxd13, Hoxd12, Hoxd11, Hoxa13, Gdf5, Gli1, Bmp2, Bmp4, Bmp7, and Col2a1. Probes and developmental stages are indicated on the left, wt on left, spdh/spdh on the right side. Note the reduced expression domain in all Hox-genes with normal anterior and posterior borders. At E12.5, Hox-gene expression becomes more and more restricted to the perichondial region of the cartilaginous anlagen in the wt, whereas the mutant still shows an expression pattern comparable to E11.5. Arrows mark expression of Hoxd12 and Hoxd11 in the future joint space. Gli1 expression in wt embryos is strong in the cartilaginous anlagen but is absent from the future joint space (arrows). In the mutant Gli1 expression is delayed and expression in the future joint space continuous. Note lack of expression of Gdf5 in the phalangeal anlagen of the mutant at E12.5 and absence in the joint interzone at E13.5. Bmp2 is normally expressed in an area just below the AER (arrow), this domain is absent in the mutant embryos. Note abnormal interdigital expression of Bmp7 in the mutant and reduced expression of Bmp4 in the anlagen of the digits. Col2a1 expression marking cartilagious condensations appears in time but the size, shape and number of the anlagen (arrow) is abnormal in the mutant.
Ihh was shown to be strongly expressed at stages E13.5 and E14.5 in the mutant but was completely absent thereafter. Again, digit I and the distal phalanges were somewhat spared and showed some expression of Ihh. The first expression of Ihh was found after birth at the sides of the bones in ectopic areas of ossification (Fig. 4) . A similar pattern was found for expression of Col10a1. While Col10a1 expression appears in the wt phalanges as early Fig. 3 . Section in situ hybridization of wt (left) and spdh/spdh (left) forelimb embryos with probes for Hoxd13 (stages 13.5, 14.5, 16.5, new born), Hoxd12, Hoxd11, Hoxa13 (stage 14.5). Left panel shows the bright field image, right panel the dark field. Wt is on the left, spdh/spdh is on the right. Note the expression in the perichondrium and in the cartilage with the exception of the hypertrophic chondrocytes. This expression persisted after birth. as E14.5, we did not observe any expression in the mutant until several days after birth. PTHrP plays an important role during chondrocyte differentiation and was shown to be regulated by Ihh. It acts via its receptor (PTHR), which is expressed in proliferating/pre-hypertrophic chondrocytes. To further investigate the Ihh/PTHrP pathway in spdh mice, we tested for expression of PTHR. Expression of PTHR was highly abnormal in spdh/spdh mice and was basically not demonstrable at early (E14.5) and later (E16.5) stages (Fig. 5) .
At E14.5, Bmp4 is expressed in the perichondrium and at the distal tip of the phalanges. This pattern was also present in the mutant but the expression domains in the distal tips of the digits were frequently not separated and persisted as a continuous band (not shown). A similar pattern was found for Bmp7. Bmp7 was also expressed in the joint interzone at age E13.5, an expression domain missing in the mutant (not shown). Noggin is a Bmp antagonist known to be involved in joint formation. Prior to overt joint formation (E13.5, E14.5) noggin is expressed throughout the cartilaginous anlage and thereafter gets restricted to the cartilage flanking the joints. In spdh/spdh mice, noggin expression persisted throughout the cartilage anlagen and later (E16.5) disappeared from the phalanges (Fig. 5) .
Gdf5 is expressed in the perichondrium, the joint interzone and the cartilage of joints, the latter persists until after birth. In mutants, we found reduced expression of Gdf5 in the perichondium and absence of expression in the interzone/joints with the exception of digit I and the distal interphalangeal joints (Fig. 5 ).
Proliferation of chondrocytes
To further investigate the cause of brachydactyly in spdh/ sphd mice, we performed BrdU-lableling of embryos at stages E13.5, E15.5 and 4 days after birth. As internal control, the percentage of labeled cells in the digits was compared to the percentage of labeled cell in the humerus since Hoxd13 is not expressed in the latter. We found similar labeling in the humerus of wt and mutant mice but drastically reduced labeling in spdh/spdh mice when phalanges were compared. Fig. 6 shows the percentage of labeled cells and representative pictures of the autopod at E13.5 and a phalangeal growth plate at 4 days after birth.
Apoptosis
Apoptosis is an important mechanism during limb development. Separation of the digits as well as joint formation depends on the mechanism of controlled cell death. We analyzed limbs at E13.5 using the TUNEL assay. In wt embryos, we observed apoptosis in the interdigital mesenchyme and to a lesser degree in cells occupying the developing joint space. The overall rate of apoptosis was reduced in spdh/spdh embryos. We did not observe apoptosis in the cells of the interdigital space nor did we find labeled cells in the presumptive joint region (not shown).
Expression of Hox-genes
To further analyze the expression of limb-related Hoxgenes at later stages of limb development, we performed semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) using reverse transcribed RNA extracted from E16.5, newborn and 9-day-old limbs. For comparison and as an internal control, we used RNA from the stylopod/ zeugopod with RNA from the autopod from wt and spdh/ spdh animals. The results are shown in Fig. 7 . We were able to demonstrate expression of Hoxd13 in the autopod of wt and mutant animals at E16.5, in newborns, and at age of 9 days. At E16.5, weak expression was also found in the stylopod/zeugopod. Similar results were obtained for Hoxa13 (not shown). Hoxd11 was also found to be expressed at all stages investigated, but expression in the stylopod/ zeugopod was comparable to that in the autopod (not shown).
Expression of wild-type and mutant Hoxd13 in COS-1 cells
COS-1 cells were transiently transfected with the constructs pTL-Hoxd13wt and pTL-Hoxd13mt encoding the hemaglutinin (HA)-tagged Hoxd13wt and Hoxd13mt proteins, respectively. Forty-two, 66 and 90 h post-transfection cell extracts were prepared and analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Blots were probed with the monoclonal anti-HA antibody. Prominant Hoxd13wt and Hox13dmt bands migrating in the SDS-gel at 42 and 43 kDa, respectively, were detected (data not shown). Analysis of transiently transfected COS-1 cells by immunofluorescence microscopy revealed that both Hoxd13wt and Hoxd13mt proteins were localized in the nucleus and showed the same distribution (Fig. 8) .
Discussion
In a previous study, we were able to show that the human limb malformation syndrome synpolydactyly (SPD) is caused by in-frame insertions into a polyalanine-encoding stretch of the HOXD13 gene (Muragaki et al., 1996) . The mutations result in the expansion of a polyalanine stretch from 15 alanines in the normal situation to 21-29 alanines in affected individuals. In an extensive study analyzing a total of 20 families with 99 SPD patients, Goodman et al. (1997) demonstrated a highly significant increase in the penetrance and severity of phenotype with increasing expansion size. A further increase in severity was observed in one individual homozygous for a 10 alanine expansion (Muragaki et al., 1996) . She showed, in contrast to the heterozygously affected individuals, a normal number of fingers but only three toes and a severe brachydactyly with a dramatic shortening of phalangeal and metacarpal bones. Thus, the mutation in HOXD13 results in a transition from pentadactyly to polydactyly and, with further increase of the mutant gene dosage, in oligodactyly and brachydactyly.
Recently, a mouse mutant named synpolydactyly homolog (spdh) has been described that can serve as a model for human SPD (Johnson et al., 1998) . As in the human condition, the mouse shows an expansion of the polyalanine tract encoding sequence of Hoxd13 by 21 bp corresponding to an additional seven alanines. Homozygously affected animals are characterized by a synpolydactyly-like phenotype. We have analyzed the developmental pathology of this mutant in detail. Our results reveal three basic developmental defects as the result of the spdh mutation. One consequence of the mutation is a defect in early pattering of the limb resulting in poly-and syndactyly. Another striking finding is the lack of phalangeal joint formation. Finally, we have observed a severe deficiency in chondrocyte differentiation and bone formation.
Inactivation of Hoxd13 in the mouse results in a phenotype that is different from that of humans with SPD and spdh/spdh mice. Hoxd13 k.o. mice show a shortening of the digits II and V and, as an inconsistent finding, postaxial polydactyly (Dollé et al., 1993) . The inactivation of Hoxd11, Hoxd12 and Hoxd13 together, however, results in a synpolydactyly-like phenotype comparable to human SPD (Zakany and Duboule, 1996) . Inactivation of one additional allele of Hoxa13 causes severe brachydactyly without polydactyly comparable to the human homozygous phenotype (Zakany et al., 1997) . Very recently, Bruneau et al. (2001) 7 . Expression of Hoxd13 as detected by polymerase chain reaction (PCR). The gel shows amplification products generated by RT-PCR from total RNA extracted from the autopod (a) and the stylopod/zeugopod (s/z) of wt (wt) and spdh/spdh (m) mice at stages E16.5, newborn, and at 9 days of age. The bottom line shows amplification of GapDH as a control. Molecular size markers are on left and right side. Note persistent expression of Hoxd13 in the autopod of wt and mutant animals from E16.5 until 9 days after birth. have performed complemetation experiments by crossing the spdh mutation with various engineered Hox-alleles. The results support the concept that the polyalanine expansion functions as a dominant negative by interacting and/or inactivating other Hox-genes that are co-expressed with the mutant Hoxd13.
The triplet expansions observed in SPD represent a new class of triplet repeat mutations where a relatively short expansion of a homopolymeric tract results in disease. Subsequently, disease causing polyalanine tract expansions were reported in two other human conditions, cleidocranial dysplasia and oculopharyngeal dystrophy (Brais et al., 1998) . Polyalanine tracts occur frequently in Hox-genes and other transcription factors. In contrast to polyglutamine repeats, they are stable and usually not polymorphic. The polyalanine coding repeats appear to be essential for normal function (Han and Manley, 1993) and expansion of the repeats beyond 21 alanines results in inactivation (Lanz et al., 1995) . Furthermore, it has been proposed that the expansion of polyglutamine encoding CAG-tracts, as they occur in several neuro-degenerative disorders, may be prone to transcriptional or translational frame shifts resulting in the accumulation of polyalanine-containing mutant proteins (Gaspar et al., 2000) . To test the effect of the polyalanine expansion on the subcellular protein distribution, we have transiently expressed Hoxd13 protein with a normal (Hoxd13wt) or elongated polyalanine stretch (Hoxd13mt) in COS-1 cells. Immunofluorescence analysis showed a nuclear localisation of wildtype and mutant Hoxd13. This observation is in agreement with previous findings indicating that Hoxd13 protein is translocated into the nucleus of mammalian cells. Interestingly, no difference in the subcellular distribution of wild-type and mutant Hoxd13 protein was observed in our cell culture model system, suggesting that the elongated polyalanine sequence in spdh does not effect the transport of the protein. In contrast to Rankin et al. (2000) who have shown that elongated polyalanine sequences (.19 residues) form insoluble aggregates in transiently transfected COS-7 cells, we were not able to detect Hoxd13 containing aggregates or nuclear inclusions in our system.
Polydactyly is a feature of several Hox-mutants and has been described in Hoxd13 2 / 2 mice (Dollé et al., 1993; Davis and Capecchi, 1996) , and in the forelimbs of Hoxa13 1 /2/Hoxd13 2 /2 double mutant mice (Fromental-Ramain et al., 1996) . Further reduction of Hox-dosage, i.e. inactivation of Hoxd11, Hoxd12, and Hoxd13, results in central polydactyly, similar to human SPD (Zakany and Duboule, 1996) . We have investigated the expression pattern of several Hox-genes expressed during limb development in spdh mice and found a reduced area of expression in the mutant embryos. However, the anterior and posterior borders of expression were maintained indicating normal expression domains. These results are in agreement with those of Bruneau et al. (2001) . The reduced area of expression can be interpreted as a secondary effect caused by a reduction in size of the presumptive digit area. At E12.5, when wt Hox-gene expression becomes modulated by the formation of the digit condensations, expression persisted in the mutant embryos throughout the autopod in spite of the formation of digit condensations as indicated by the expression of collagen type II (Col2a1).
Polydactyly can be caused by a duplicated zone of polarising activity (ZPA) at the anterior margin of the limb expressing ectopic Sonic hedgehog (Shh), a mechanism that has been implicated in a number of polydactyly mutants (Chan et al., 1995; Masuya et al., 1997) . Misexpression of Hoxd12 can also induce ectopic Shh expression, resulting in a mirror-image polydactyly in the limb suggesting a positive feedback loop between Hoxd12 and Shh during limb bud outgrowth (Knezevic et al., 1997) . The polydactyly in spdh/ spdh mice is, however, different from the luxoid/luxate class of mirror-image polydactyly in that it combines features of preaxial, postaxial and central polydactyly. Expression of Shh was not altered in spdh/spdh mice indicating that the spdh phenotype is caused by another mechanism.
Another possible explanation for the syndactyly in spdh mice is the persistent expression of signals such as Fgfs and Bmps from the interdigital regions and/or the AER at later stages. Interdigital expression of Bmp2 and Bmp7 was highly abnormal as shown in Fig. 2 . Furthermore, we observed persistent expression of Bmp4 in the interdigital AER at E13.5 at a timepoint when expression in the wt has ceased.
The lack of joint formation in spdh/spdh mice is striking and has not been described before. The digital rays are thought to be formed from prechondrogenic condensations that appear spatially continuous and that subsequently segment into individual skeletal elements (Shubin and Alberch, 1986) . Morphologically, development of most joints begins with a condensation of cells at the future joints. This so called interzone develops into a layered structure with the central region undergoing apoptosis resulting in the formation of the joint cavity. Little is known about this process but members of the BMP/GDF families have been reported to be involved in joint formation (Francis-West et al., 1999) . Among them Gdf5 is the most prominent. Mutations in Gdf5 result in shortening of the limbs with severe brachydactyly and lack of joint formation in specific phalanges (Storm et al., 1994) . Gdf5 was shown to modulate chondrogenesis by increasing cell adhesion and chondrocyte proliferation (Francis-West et al., 1999) but the role of Gdf5 in joint formation is less certain since overexpression of Gdf5 does not results in additional joints (FrancisWest et al., 1999; Storm and Kingsley, 1999) . The expression of Gdf5 is altered in spdh/spdh mice as demonstrated by whole mount and section in situ hybridization. The overall level of Gdf5 expression was reduced and the expression in the joint interzone was missing. Thus, the reduced level and abnormal pattern of Gdf5 expression is likely to contribute to the small condensations, the reduced proliferation of chondrocytes and possibly to the lack of joint formation in the mutant.
Given the key role of BMPs in modulation of chondrogenesis, antagonists of these factors can be expected to have a role in joint formation. Noggin, a BMP-antagonist has been implicated in this process, as demonstrated by mutations in the human NOGGIN gene in patients with symphalangism (Gong et al. 1999 ) and gene inactivation experiments of noggin in mice (Brunet et al., 1998) . We did observe abnormal expression of noggin in spdh/spdh mice indicating that misexpression of this gene contributes to the phenotype.
The Hedgehog signaling cascade is also implicated in joint formation/segmentation. Inactivation of Sonic hedgehog (Shh) results in the fusion of the elbow joint (Chiang et al., 1996) and inactivation of Indian hedgehog (Ihh) results in a complete loss of segmentation (St-Jacques et al., 1999) . We have investigated Ihh expression and hedgehog regulated genes such as Gli1 and patched-1 (ptc1), the hedgehog receptor, in spdh and wt mice. Ihh expression was found as early as E13.5 in wt mice in two and later three expression domains corresponding to the future metacarpals and phalanges. Ihh expression is surrounded by a ring of Gli1 and ptc1 expression, while the future joint region/interzone is spared. In spdh mice, we observed a highly abnormal pattern of Ihh expression with disorganized expression throughout the phalangeal anlage. The corresponding expression of Gli1 and ptc1 also showed a continuous expression with missing joint space between the metacarpals and the first and middle phalanges. Thus, the spdh mutation induces misexpression of Ihh resulting in an abnormal expression of downstream genes.
Interestingly, we were able to show expression of Hoxd11 and Hoxd12 during early joint patterning in E12.5 wt mice. This pattern is absent in homozygous mice, a finding that may point to a role for these genes in joint formation. Similarly, HOXA11 has been implicated in joint formation, since mutations in this gene lead to synostosis of radius and ulna (Thompson and Nguyen, 2000) . Misexpression of Hoxd11 in the chick results in a larger than normal digit I condensation and the formation of an additional joint producing a toe with two phalanges instead of one (Morgan et al., 1992) . Mice with inactivated Hoxd13 (2/2) alleles show variable fusion of bones involving the metacarpal-phalangeal joints of digits II and III. In addition, the loss of the middle phalanges of digits II and V was observed but the hindlimbs were mostly unaffected (Dollé et al., 1993; Davis and Capecchi, 1996) . The changes in spdh/spdh mice are similar but more severe. Considering the current hypothesis that the spdh mutation acts as a dominant negative (Bruneau et al., 2001; Zakany and Duboule, 1996) , our results suggest the interactions of several Hox-genes in joint formation and their inactivation by the mutation. In a study by Holder (1977) , removal of radius and ulna did not interfere with the formation of the elbow joint but removal of the presumptive elbow joint prior to its first morphological appearance resulted in the fusion of humerus with radius and ulna. This suggests that joint formation may arise from a population of cells specified earlier in development.
Our findings indicate that Hox-genes are involved in the specification of such joint-precursor cells.
Spdh/spdh mice show a severe shortening of the digits. This phenotype could be due to a reduction in size of the cartilage anlage, a defect in chondrocyte proliferation, an increased rate of cell death, or a combination of factors. We did not observe an increase in cell death within the cartilaginous anlagen indicating that apoptosis does not contribute to the changes in bone morphology. However, we were able to show a marked reduction in the rate of proliferation in the growth plates of spdh/spdh chondrocytes. This effect was present exclusively in the bones of the autopod and was not demonstrable in the humerus, radius or ulna, and was therefore closely associated with the Hoxd13 expression pattern. The reduction in proliferation was present from E13.5 onwards and persisted after birth. It has been proposed that Hox-genes determine patterns by controlling the rates of cell proliferation (Duboule, 1995) . However, so far this has not been shown in mutant animals. Overexpression of Hoxd13 in the chick using retroviral vectors resulted in a shortening of the long bones including the femur, tibia, fibula and the tarsometatarsals (Goff and Tabin, 1997) . Analysis of proliferation in this model using uptake of tritiated thymidine demonstrated a reduced rate of cell proliferation in areas of Hoxd13 misexpression indicating that Hoxd13 can regulate cell division in regions where it is not normally expressed. Our results demonstrate that Hox-genes influence skeletal growth before and after birth by positively regulating cell division in growth plate chondrocytes.
Besides proliferation, the spdh mutation affects differentiation of chondrocytes. In endochondral bone formation, the mechanism by which the bones of the autopod are made, chondrocytes proliferate and differentiate to form a temporary cartilaginous template, which is subsequently replaced by bone. The replacement of cartilage by bone is performed by osteoclasts after chondrocytes have differentiated towards hypertrophy and their matrix has calcified. The differentiation of chondrocytes from proliferating to hypertropchic cells takes place within the growth plate, a highly specialized cell structure, which is controlled by several signaling pathways including Ihh, PTHrP, Bmps and Fgfs. The current model is that Ihh, through a negative feedback loop with PTHrP, regulates the rate at which cells leave the proliferative state and enter the hypertrophic state (Vortkamp et al., 1996 , Karp et al., 2000 . In situ hybridization of spdh/spdh limbs at different stages showed a lack of Ihh expression after E14.5. Correspondingly, we did not find expression of PTHR, the receptor for PTHrP, a factor known to be important for the regulation of chondrocyte proliferation (Juppner, 2000) . In addition, Col10a1 expression was lacking indicating the absence of hypertrophic chondrocytes. Mutant chondrocytes are thus arrested in an undifferentiated non-proliferative state, a finding that explains the severe brachydactyly. These results indicate that Hox-genes are essential for cartilage growth and chondrocyte differentiation. The restriction of the effect to bones of the autopod corresponds to the expression pattern of Hoxd13 and demonstrates that the growth of individual skeletal elements is determined by Hox-genes not only during the early phase of limb patterning, but, more importantly so, during the later phases of bone growth. Regulation of bone growth through the persistent expression of patterning genes may explain the different growth rates and thus the different shape of individual skeletal elements.
This concept is supported by our expression studies that demonstrate persistent expression of Hoxd13, -d12, -d11, and -a13 in the autopod during embryogenesis and after birth. Comparable to stage E12.5, Hoxd13 was expressed throughout the autopod, whereas Hoxd11 and Hoxd12 were restricted to digits II-V. Strongest expression was observed in the perichondrium. The perichondrium, the major site of Hox-gene expression, plays an essential role in the regulation of cartilage growth and chondrocyte differentiation. Removal of the perichodrium results in increased proliferation and extended zones of proliferation suggesting that signals from the perichondrium regulate the exit of chondrocytes from the cell cycle and their subsequent differentiation (Long and Linsenmayer, 1998) . Our results provide evidence that Hox-genes play a central role in the control of such signals.
In conclusion, the polyalanine tract expansion in the spdh mutation has an early effect on limb pattering and a late effect on growth. The pattering defects result in an abnormal size and number of condensations, as well as in a defect in joint formation. The late effect is due to the persistent expression of Hox-genes in the growing skeleton and results in a reduced rate of proliferation of growth plate chondrocytes.
Experimental procedures
Mice
Synpolydactyly homolog (spdh) mice were obtained from the Jackson Lab, Bar Harbor, Maine, USA. Spdh is a spontaneous mutation that arose in a B6C3 mouse and was subsequently maintained on this background (Johnson et al., 1998) . Analysis of the phenotype was performed on the same background by breeding spdh/1 £ spdh/1 mice. Maintenance of the strain was accomplished by breeding spdh/spdh females with wt or spdh/1 males. Genotyping of mice was performed with primers acttgggacatggatgggct and cgctcagaggtccctgggta that amplify the polyalanine coding repeat of the 5 0 Hoxd13 gene. The following reaction conditions were used: 958C for 2 min, followed by 35 cycles at 958C for 30 s, 518C for 1 min, 728C for 2 min, and a final extension at 728C for 10 min. PCR was performed in 25 ml reactions containing 0.75 mM MgCl 2 , 14% DMSO and 2 pmol/ml of each primer. PCR-amplified DNA products were visualized on 2% ethidium bromide stained agarose gels.
Phenotype and developmental analysis
For analysis of the mutant embryos, timed matings were produced and noon of the day, the vaginal plug was observed was counted as day 0.5 of gestation. DNA from extraembryonic membranes served for genotyping. For skeletal preparations, a total of 20 animals were analyzed for the time points E15.5, E18.5, as newborn mice and at 3 weeks of age (Fig. 1) . Skeletal preparations were done as described (Mundlos, 2000) .
Whole-mount in situ hybridization was performed as described (Wilkinson, 1992 , Nacke et al., 2000 using embryos of stages E9.5, E10.5, E11.5, E12.5 and E13.5 obtained by timed matings from the spdh/1 £ spdh/1 cross. The probes used for whole mount in situ hybridization were specific for Hoxd11, Hoxd12, Hoxd13, Hoxa13, Shh, Fgf8, Bmp2, Bmp4, Bmp7, Gli1, Col2a1 (Mundlos, 2000; Kohno et al., 1984; Bitgood and McMahon, 1995) . Digoxigenin-labeled cRNA probes were generated from linerarized plasmid DNA as recommended by the manufacturer (Roche Biochemicals). Embryos were washed in phosphate-buffered saline and fixed overnight in 4% paraformaldehyde at 48C, dehydrated and stored in methanol at 2208C. Embryos were rehydrated, pretreated with proteinase K (10 mg/ml) and hybridized overnight at 658C in a buffer containing 50% formamide. After extensive washing, the embryos were incubated with the DIG antibody (Roche Biochemicals) at a dilution of 1:5000 overnight at 48C. After washing in TBST buffer, staining was performed at room temperature (RT) for up to 4 h or overnight at 48C. Embryos were analyzed and photographed using a Leica binocular microscope and camera. We tested 3-4 mutant embryos for each stage and probe and compared them with wt embryos from the same litter.
For histological analysis, embryos and tissues were embedded in paraffin or metacrylate (Historesin, Leica) and sectioned at 7 or 3 mm, respectively. Only forelimbs were used for histological analysis. Section in situ hybridization was performed on paraffin embedded tissue using 33 P labeled cRNA-probes as described previously (Vortkamp et al., 1996) . In brief, sections were deparaffinized, rehydrated, pretreated with proteinase K (3 min, 10 mg/ml at RT) and hybridized overnight at 708C. The next day the slides were washed and dipped in photoemulsion, dried and exposed for 2-8 days. Slides were counterstained with Tolouidine Blue-O, mounted and analyzed in dark field and documented using a digital camera (Leica). Probes used for section in situ hybridization were as follows: Hoxd13, Hod12, Hoxd11, Hoxa13, Col1a1, Col10a1, Col2a1, Shh, Ihh, Bmp2, Bmp4, Bmp7, Gli1, PTHR, Nog, and Ptc1 (Mundlos, 2000; Bitgood and McMahon, 1995; Kohno et al., 1984) .
Proliferation of chondrocytes was analyzed with BrdUlabeling. Eight week old pregnant mice were injected i.p. with 0.3 mg BrdU/g body weight dissolved in phosphatebuffered saline (PBS) at a concentration of 10 mg/ml. E13.5 embryos were collected after 6 h and E16.5 embryos after 8 h. Three day old mice were injected with 50 ml of a 15 mg/ ml solution of BrdU and sacrificed after 8 h. Forelimbs were dissected in ice cold PBS and the tissue was fixed in 70% ethanol containing 50 mM glycin, pH 2, dehydrated and embedded in paraffin. Sections were pretreated with proteinase K (Roche Biochemicals) (10 mg/ml for 10 min at 378C) and with hyaluronidase (Sigma) (not for E13.5) (10 mg/ml in PBS for 1 h at 378C) and 2 N HCl (10 min at 378C). Detection of labeled DNA was performed as described by the manufacturer (Roche Biochemicals). In the E15.5 and the 4 day samples, the percentage of positive cells within a defined region of the growth plate (proliferative zone) were counted. At E13.5, this was not possible and the number of positive cells within a defined square were counted instead. The squares were selected to contain a complete digital anlage. Three squares/sections were counted.
Apoptosis was tested with the TUNEL assay using the ApopTag kit (Intergen, NY, USA) as described by the manufacturer. Fixation and dehydration of limbs was shortened compared to regular embedding to prevent undesired fragmentation of DNA. Free 3 0 OH DNA termini were detected in situ using terminal digoxigenin-labeled desoxynucleotidyl transferase (TdT). Peroxidase staining was used for detection. Sections were counterstained with methylene green.
Expression analysis
To analyze Hox-gene expression in the limbs during development, we prepared total RNA from the autopod and the stylopod/zeugopod of E16.5 embryos, newborn, and 9 day old wt and spdh/spdh mice. The RNA was prepared using Trizol. RNA was reverse transcribed to cDNA using the Superscript II reverse transcriptase (Gibco BRL) and poly-T primers. Because of the expected low expression, we did not perform Northern blots but analyzed the expression with polymerase chain reaction (PCR). To rule out contamination of genomic DNA, we designed primers for Hoxd13 (cgtaggcttacagcagaacg, gctggtttaaagccacatc), Hoxd11 (tgcaacgagatctgctccc, cagtgaaatattgcagacggc), and Hoxa13 (caacgccatcaagtcgtg, cgctggcgtctgaaggatgg) that span the first intron and thus will not give a product from genomic DNA. PCR was performed on a thermocycler using cDNA as templates, 5 0 and 3 0 specific primers and Taq DNA polymerase (Roche Biochemicals). Amplification of GapDH cDNA was performed as an internal control using the primers gctgccatttgcagtggcaa and cctaatacgactcactataggttactccttggaggccatgt. PCR products were separated on 1% agarose gels containing ethidium bromide and visualized under ultraviolet illumination. To confirm that RT-PCR amplified the correct target sequences, PCR products were purified, cloned into pCR2.1 vector using a TA Cloning Kit (Invitrogen), and sequenced.
In vitro analysis
Full length wt and spdh Hoxd13 was amplified from cDNA and subcloned into the mammalian expression plasmid pTL1-HA (pTL-Hoxd13wt and pTL-Hoxd13mt). All constructs were verified by sequencing. COS-1 cells were grown in Dulbecco's modified Eagle medium (Gibco-BRL) supplemented with 5% fetal calf serum and penicillin (5 U/ ml) plus streptomycin (5 mg/ml). Transfection of cells was performed as described (Sittler et al., 1998) . COS-1 cells transfected with pTL-Hoxd13wt and pTL-Hoxd13mt were harvested 42, 66 and 90 h post transfection. Cells were lysed on ice for 30 min with NP-40 buffer (50 mM Tris-HCl (pH 8.8), 100 mM NaCl, 5 mM MgCl 2 , 0.5% NP-40) containing protease inhibitors (2 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mg/ml aprotinin, and 50 mg/ml antipain) and 250 U/ml benzonase. Protein concentration was determined using the Bradford protein assay. Western blot analysis was performed as described (Waelter et al., 2001) using the mouse monoclonal HA antibody (1:2000, Berkeley Antibody Company) followed by the peroxidase conjugated anti-mouse antibody (1:5000, Sigma). For immunofluorescence microscopy, COS-1 cells were grown in Leighton tubes (Costar). Cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at RT. After permeabilization with 0.1% Triton X-100 for 15 min cells were incubated for 1 h at RT with the mouse monoclonal HA antibody, washed three times for 10 min with 0.1% Triton X-100, and incubated for 1 h at room temperature with the secondary anti-mouse CY3 conjugated antibody (Jackson ImmunoResearch, West Grove, PA). Nuclei were counterstained with Hoechst (Sigma). Samples were viewed with the fluorescence microscope Axioplan-2 (Zeiss, Thornwood, NY).
